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Abstract 
Carbonate Looping is a promising post-combustion capture process involving the separation of CO2 from the flue gas of a coal-
fired power plant at high temperatures (600-700°C) using the reversible exothermic CaO carbonation reaction and the 
endothermic calcination reaction of CaCO3. The core of the carbonate looping process is a dual fluidized bed reactor in which the 
CO2 acceptor material (CaO) is transported between the carbonator (CO2 absorption) and regenerator (CO2 desorption). Due to 
the heat requirements for the regenerator, the carbonate looping acts as a CO2 separation unit and an add-on power plant, thereby 
offering the opportunity for increasing the site electricity production while inflicting only a low electric efficiency penalty on the 
total power plant. However, the quantity and quality of the Carbonate Looping heat sources differ significantly from a 
conventional coal-fired power plant. This paper presents the design and simulation of the carbonate looping steam cycle for a 
large coal-fired plant.  
The simulation involves the coupling of the carbonate looping reactor model from Aspen Plus with the steam cycle in EBSILON 
Professional code which is a mass and energy balance cycle calculation program specifically tailored for steam cycle 
calculations. The resulting simulation includes penalty deduction for the Air Separation Unit and the CO2 conditioning unit, 
resulting in a net efficiency of 39.2% and while increasing the net power input from 1052 MWe to 1533 MWe, an addition of 481 
MWe for the retrofitted power plant.© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
The capture and storage of carbon dioxide from fossil fuel-fired power plants is currently considered one of the 
most technically and economically viable options in order to reduce global CO2 emissions. Additionally, unlike 
solar or wind power, it provides a constant and reliable base power supply for the electric grid. The Carbonate 
Looping process is a post-combustion CO2 capture technology that utilizes the reversible CaO carbonation reaction 
at high temperatures to absorb, transport, and release CO2 in a concentrated stream for subsequent treatment and 
storage.  
 CaO(s) + CO2(g) Î CaCO3(s)                                              ǻH25°C = -178.2 kJ/mol Eq. 1 
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The CO2 capture from flue gas was first proposed by Shimizu et al. [1]; however the first implementation of CaO 
as a CO2-carrier was achieved in the CO2 Acceptor process which incorporated the carbonation reaction in situ 
during steam gasification in the 1960-70’s in order to produce a suitable pipeline syngas [2]. More recently, Weimer 
et al. [3] have shown that the same basic process can be used to gasify brown coal, simultaneously producing a 
hydrogen-rich syngas and a separate CO2 stream suitable for sequestration. The use of CaO as a CO2-carrier is also a 
viable solution for post-combustion capture of CO2 from powerplant flue gases. Preliminary evaluation of the 
Carbonate Looping process has shown that it is competitive with other CO2 capture technologies with respect to 
electrical efficiency and costs [4, 5]. As shown in figure 1, the Carbonate Looping process captures CO2 from the 
flue gas of a power plant at 650°C and subsequently requires additional coal for the regenerator, which is in essence 
an oxyfuel calciner. Likewise, the high temperature heat can be utilized in a steam cycle to minimize the electric 
efficiency penalty incurred due to CO2 capture. This work couples a simulation of the Carbonate Looping process 
with a steam cycle simulation in order to evaluate the retrofitted plant electric efficiency. The reference power plant 
to be retrofitted with CO2 capture technology (Figure 1, SG-1) is a 1052 MWe coal-fired power plant with an overall 
electric efficiency of 45.6%.   
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Figure 1. Diagram of retrofitted coal-fired power plant: Carbonate Looping process, steam cycle, air separation unit 
and CO2-conditioning unit. Four different heat streams (Q1-Q4) are integrated in the new steam generater (SG-2). 
Work from SG-1 and SG-2 are supplied to Generator 1 and Generator 2 respectively.   
2. Carbonate Looping Simulation 
2.1. Characteristics of the Carbonate Looping process  
The Carbonate Looping process (figure 2) consists of two coupled gas-solid reactors: a carbonator in which the 
CO2 is bound to CaO forming carbonate and releasing heat, and a regenerator in which the transported CO2 in the 
form of carbonate is calcined (requiring heat), thus producing a concentrated CO2 stream. For a given set of 
operating conditions in the carbonator (e.g. temperature, inlet CO2 concentration, velocity, bed mass, CaO 
circulation rate), the desired carbon dioxide capture efficiency, ECO2, is defined by the molar balance:  
2
2
CO
carbCaO
CO F
XFE  Eq. 2 
In Eq. 2, Xcarb is defined as the fraction of CaO particle that is carbonated, FCaO is the molar flow rate of CaO 
circulating to the carbonator, and FCO2 is the molar flow rate of CO2 contained in the flue gas exiting the reference 
power plant (figure 1). Modelling of a circulating fluidized bed carbonator was performed to evaluate the sensitivity 
of CO2 capture efficiency (ECO2) to different operational parameters [6]. The most sensitive parameter is the so-
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called “free active CaO”, fa: which is defined as the fraction of CaO that is available for reaction with CO2. Two 
factors affect eh free active CaO fraction: the relative circulation rate (FCaO/FCO2) and the total carrying capacity of 
an average CaO particle (Xmax).
Figure 2. Block diagram of the Carbonate Looping process 
Natural limestones are well known to decrease with respect to CO2 carrying capacity (XN) over multiple 
carbonation-calcination cycles, N, eventually attaining a residual carrying capacity of around 7.5 mol-% [7].  
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Eq. 3 
Where Xr and k are the residual carrying capacity and decay constant respectively. The residual CO2 carrying 
capacity after many cycles is insufficient to absorb the CO2 to from the flue gas, thereby requiring fresh limestone 
(F0) to be added to the Carbonate Looping process in order to achieve suitable carrying capacities (Xmax). The above 
equation supposes full particle carbonation for every carbonation-calcination cycle. However, as shown in Eq. 2, the 
particle is not fully carbonated; actually typical carbonation fractions resulting from solution of Eq.2 range between 
5-15% – not the full capacity. If a particle is not fully carbonated in cycle N, it still has reserve capacity for the next 
cycle N+1. Hawthorne et al. [8] developed an equation for the decay in a particle’s carrying capacity as a function of 
Xcarb and is referred to here as the carrying capacity of a partially carbonated particle, XN,pc. The carrying capacity of 
an average particle as a function of the carbonation fraction is included in the simulation. The regenerator fuel 
usually contains sulphur which is oxidized and reacts with CaO to form CaSO4. In this simulation, the authors make 
the conservative assumption that only CaO available for carbonation is available for sulphation. Therefore, the 
maximum CO2 carrying capacity of an average CaO particle is defined as: 
sulfacarb XfXX  max Eq. 4 
A population balance considering the circulating material (FCaO) and the fresh limestone (F0) is required to 
achieve this required CO2 carrying capacity.  
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2.2.  Carbonate-looping simulation with Aspen Plus 
The Carbonate-looping process was simulated using the commercial software Aspen Plus which solves the energy 
and mass balances in an iterative mode to meet specified design requirements, for example: air preheater 
temperature and regenerator fuel demand. A Aspen Plus simulation was completed to simulate the Carbonate 
Looping process treating the flue gas exiting a 1025 MWe power plant after the FGD unit with a standard flue gas 
composition (yCO2  = 15 vol-%). A representative simulation flowsheet is shown in Figure 3, depicting the major 
streams and unit operations of the Carbonate Looping process. The heat required for the two gas preheaters (blocks 
A and E) are supplied by the carbonator and regenerator flue gas coolers (blocks G and I).  
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Figure 3. Block diagram of the Carbonate Looping simulation. Units: A – flue gas preheater,  B – blower, C – carbonator, D – 
regenerator, E – oxygen preheater, F – carbonator convective cooler, G – carbonator flue gas cooler; H – regenerator convective
cooler; I – regenerator flue gas cooler. Streams: 1 – flue gas from power plant; 2 – coal to regenerator; 3 – oxygen; 4 – make-up 
limestone; 5 – circulated CaO/CaSO4/ash mixture; 6 – carbonator flue gas; 7 – regenerator flue gas to be compressed; 8 – fly ash;
9 – purged material. 
Based on prior modeling results [6], input conditions were chosen that would achieve a CO2 capture efficiency of 
80% in the carbonator. It is possible to improve the CO2 capture in the carbonator by changing key parameters, for 
example, increasing the circulation rate; however, the authors decided on calculating the steam cycle performance 
based on conservative assumptions. The influence of different Carbonate Looping parameters on the system 
efficiency will be addressed in future work.  
Table 1: Simulation parameters and outputs 
CARBONATOR REGENERATOR 
 Simulation Parameters 
Temperature 650°C Temperature 900°C 
ECO2 80% yO2,exit 3 %-vol. 
Circulation, FCaO/FCO2 7 Șcombustion 99.8% 
Free active CaO, fa 0.08   
Main Simulation Outputs 
Total CO2 Capture, EC 88% Coal 64.2 kg/s 
Q1 (carbonator) 960 MWth Make-up limestone, F0 45.7 kg/s 
Q2 (carbonator flue gas) 280 MWth Q3 (regenerator flue gas) 264 MWth
One of the main outputs of the simulation are the quantities of make-up limestone, regenerator fuel, and oxygen 
required as well as the heat internally transferred to the gas preheaters and externally transferred to Steam 
Generator-2: Q1, Q2, Q3 (figure 1). Key simulation inputs and outputs are summarized in Table 1. The amount of 
fresh limestone (F0) is calculated with respect to the CaO (FCaO) circulation rate according to Eq. 5. The high total 
CO2 capture efficiency of 88% arises due to the CO2 from the calcined make-up limestone and the coal burned in the 
oxygen-fired regenerator in addition to the 80% CO2 captured from the flue gas of existing power plant in the 
carbonator.
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3. Simulation of the Carbonate Looping steam cycle in Ebsilon Professional 
The calculation of the steam cycle and its sub-processes was performed using the software programme Ebsilon 
Professional which is commonly used in industry for the calculation of power plant steam cycles. The equations of 
state are based on the IAPWS-IF97 for steam calculations and the standard polynomial of FDBR for gas. The steam 
cycle simulation incorporates the heat and mass streams generated from the Aspen Simulation into the steam cycle 
calculation and also includes thermodynamic models for the ASU and the CO2 conditioning and compression unit.  
The retrofitting of an existing power plant requires a supplementary electricity steam cycle and generator SG-2 
(Figure 1). In addition to the Carbonate Looping heat streams Q1, Q2, and Q3, an additional heat stream from the 
CO2-conditioning unit (Q4) is integrated with the steam cycle. While the Carbonate Looping heat streams have a 
temperature level suitable for steam generation, the heat from the CO2-conditioning unit is of low quality and is 
applied to the low-pressure feedwater heater section.  
3.1. Air Separation Unit (ASU) 
Coal is combusted in the oxygen-fired regenerator in order to provide the enthalpy required for heating up the 
incoming solids to 900°C and to calcine the transferred calcium carbonate. Due to the large quantities of oxygen 
required, a cryogenic Air Separation Unit (ASU) is utilized: the resulting oxygen-rich stream contains 95.2% 
oxygen with the balance consisting of N2 and Ar.  
Figure 4. ASU simulation flowsheet. The left side consists of compressors with interstage cooling.  
The system takes advantage of the different condensation points of oxygen (-183 °C) and nitrogen (-195.8 °C). 
Compression of air occurs in for steps (1.013 bar, 2.5 bar, 3.9 bar and 6 bar) with interstage cooling. The 
temperature level of the compressed gas stream is about 65 °C and is too low for heat integration in the steam cycle. 
After each compression stage, condensed water is drained from the air. CO2 and the remaining water are removed 
afterwards by adsorption in molecular sieves. The compressed, purified air is then cooled in the main heat exchanger 
C. Hawthorne et al. / Energy Procedia 1 (2009) 1387–1394 1391
6 Author name / Energy Procedia 00 (2008) 000–000 
by transferring heat to both product streams, the returning N2 and O2. For further cooling, one part of this purified 
stream expands in a turbine to a temperature of -175°C and a pressure of 2 bar. The ASU uses a double-column gas-
separation system, as described in [9]. This is based on a low- and a high pressure distillation column. The partly 
liquefied air enters the lower column at pressures about 6 bar and separates into a nitrogen-rich vapor and an 
oxygen-rich condensate streams. In the low pressure column, operated at 2 bar, the liquid oxygen is further purified. 
After upgrading, the oxygen stream contains 4.8 vol% of N2 and Ar. 
3.2. CO2-Conditioning 
For transportation and storage, the CO2-rich flue gas from the regenerator has to be cleaned of different 
components and water to a state of 30 °C and a pressure of 110 bar. The CO2 purity required for geological storage 
is assumed to be 95 vol-% with the remaining 5 vol-% consisting of Ar, N2, and unreacted O2.
The CO2 conditioning unit consists of five compressors with interstage cooling in which a portion of the heat is 
used to preheat the low-pressure feedwater. The CO2-rich regenerator flue gas (89.1 wt.-% wet) is compressed over 
three stages to 3.15 bar, 10.4 bar, and 31 bar. After each compression stage, two heat exchangers reduce the gas 
temperature with the first heat exchanger transferring heat to the feedwater. Since the feedwater temperature is 
26°C, the gas can be cooled just to 50°C without requiring unrealistically large heat-exchange surface areas. To 
reduce the gas temperature to 25°C, external cooling water with a temperature of 13°C from the cooling circuit is 
used. The fourth compression stage compresses the CO2 and its contaminants to 75 bar in which CO2 is liquefied. 
Subsequently, the liquid stream is compressed to 110 bar by a gear pump which consumes substantially less power 
than a compressor. Due to the low temperature after the last two compression steps and the small material stream of 
the contaminants, the heat is rejected into the cooling water circuit with just one heat exchanger. The end product is 
a dried CO2-rich gas with 95.3 vol-% CO2.
3.3. Integrated Steam Cycle 
The simulation flowsheet of the new second supercritical steam cycle (Figure 1, right) is illustrated in detail in 
Figure 5. With a temperature of 600 °C and a pressure of 300 bar, the supercritical steam conditions are able to 
maximize the efficiency of the process [10]. One modification to conventional steam cycles is the high pressure 
pump which compresses the low-pressure feedwater to 300 bar. Instead of an electrical gear pump, the power comes 
from a steam turbine whereby medium pressure steam is expanded to perform the work. This step reduces the net 
efficiency loss in the steam cycle. Additionally, the evaporator, superheaters and reheaters obtain their heat from the 
Carbonate Looping process as previously described. The evaporator is located in the carbonator itself, due to the 
constant temperature and good heat transfer common in fluidized beds [11]. The heat streams Q1, Q2, Q3, and Q4 of 
the Carbonate Looping process are able to generate 477 kg/s of supercritical steam. A breakdown of the heat sources 
are shown in Table 2.  
 Table 2: Heat stream summary for steam cycle 2 
ID Description Tin [°C] Tout [°C] Flow [kg/s] Q [MWth]
Q1 Carbonator Boiler 650 650 - 960 
Q2 Carbonator Convection Pass 650 370 860 280 
Q3 Regenerator Convection Pass 900 370 397 264 
Q4 CO2 Compression 140 50 397 120 
    A summary of the power generated and consumed by the individual components is shown in table 3. The original 
power plant  has an overall electric efficiency of 45.6%. The carbonate looping power plant efficiency, not including 
the ASU and CO2 compression, is 45.3% when taking into account the auxiliary power (including pumps and gas 
blower). The retrofitted plant, including CO2 conditioning and the oxygen purification, generates a total net power 
of 1533 MWe with a net electric efficiency of 39.2% which is only a 6.3% penalty in the overall electric efficiency. 
The largest energy penalty arises from the CO2 conditioning unit due to the high volume of gas compressed. 
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Figure 5. Simulation flowsheet integrating the Carbonate-looping heat streams (A – carbonator (Q1), B – carbonator flue 
gas (Q2), C – regenerator flue gas (Q3)), CO2 conditioning unit (Q4), ASU, and the steam cycle.  
          
Table 3: Heat stream summary for Carbonate Looping steam cycle 2 
QPP, fuel [MWth] 2308 
PGenerator [MWe] 1100 
Pnet [MWe] 1052 
Reference Power Plant 
(SG-1) 
Șnet [%] 45.6 
QCLP,fuel [MWth] 1599 
PGenerator [MWe] 775 
Pnet [MWe] 724 
Carbonate Looping Process 
(SG-2) 
Șnet [%] 45.3 
CO2 Conditioning PCO2 comp. [MWe] 128 
ASU PASU [MWe] 115 
Pretrofitted plant [MWe] 1533 
Retrofitted Power Plant 
Șnet (with CO2 Cond. + ASU) [%] 39.2 
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4. Conclusions 
The Carbonate Looping process, which is essentially a high temperature CO2 scrubber with an oxygen-fired 
regenerator, offers the potential to simultaneously repower and implement CO2 capture on an existing power plant. 
The simulation involved the coupling of the Carbonate Looping process performed in Aspen Plus with the steam 
cycle simulation in Ebsilon Professional. The simulation calculated the required coal, oxygen, and fresh limestone 
inputs to the process and also the heat streams to be utilised in the steam cycle. The Carbonate Looping process 
requires an additional 1600 MWth of heat, which is approximately 40% of the total heat input to the retrofitted power 
plant, and results in a total CO2 capture efficiency of 88%. The retrofitted steam cycle which includes an ASU and 
integrated CO2 conditioning unit with interstage cooling increases the net generated power from 1052 MWe to 1533 
MWe, resulting in an overall electric efficiency of 39.2%.
Symbols and Abbreviations 
Abbreviations
ASU Air Separation Unit G Generator 
CLP Carbonate Looping Plant PP Power Plant 
FGD Flue Gas Desulphurisation SG Steam Generator 
Symbols 
ECO2 Carboantor capture efficiency, % P Power, MWe
EC Total Carbonate-looping capture efficiency, % Q Heat flow, MWth
fa Fraction of CaO available for carbonation Xcarb Fraction of CaO carbonated 
FCaO Molar flow rate of CaO to carbonator, kmol/s Xmax CO2 carrying capacity fraction  
FCO2 Molar flow rate of CO2 to carboantor, kmol/s XN Carrying capacity in cycle N
F0 Molar flow rate of fresh CaCO3, kmol/s XN,pc Carrying capacity in cycle N considering Xcarb
H Enthalpy of reaction, kJ/mol Xr Residual carrying capacity 
k Decay constant for Eq. 3 Xsulf Fraction of sulfated CaO 
Ș Electric efficiency 
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